We study the dynamics of energy loss and flow of heavy quarks produced in ultra-relativistic heavy-ion collisions within the framework of a Langevin equation coupled to a (2+1)-dimensional viscous hydrodynamic model that simulates the space-time evolution of the produced hot and dense QCD matter. The classical Langevin approach is improved such that, apart from quasi-elastic scatterings, radiative energy loss is incorporated by treating gluon radiation as an additional force term. The hadronization of emitted heavy quarks is simulated via a hybrid fragmentation plus recombination model. Our calculation shows significant contribution from gluon radiation to heavy quark energy loss at high energies, and we find the recombination mechanism is important for heavy flavor meson production at intermediate energies. We present numerical results for the nuclear modification and elliptic flow of D mesons, which are consistent with measurements at both LHC and RHIC; predictions for B mesons are also provided.
I. INTRODUCTION
Ultra-relativistic heavy-ion collisions at the Large Hadron Collider (LHC) and the Relativistic Heavy-ion Collider (RHIC) have revealed many interesting and sometimes surprising phenomena. It is now well established that highly excited QCD matter, usually termed the strongly interacting quark-gluon plasma (sQGP), is created in these energetic nucleus-nucleus collisions [1] . This hot and dense matter exhibits many remarkable properties, such as the strong collective flow of the final state particles, small viscosity to entropy ratio η/s, and the opaqueness to high energy jets and partons. Relativistic hydrodynamic simulations have been highly successful in describing the space-time evolution of these produced fireballs [2] [3] [4] [5] [6] [7] [8] .
Heavy quarks serve as excellent probes of the QGP fireball as they are primarily produced from early-state hard scatterings and thus have the potential to probe the whole space-time history of the transient matter. Due to their large masses, heavy quarks are expected to be influenced less by the medium compared to light flavor partons and therefore thermalize slower in the dense medium [9] . Interestingly, experimental observations have revealed significant suppression and anisotropic flow in high-p T heavy mesons and heavy flavor decay electrons [10] [11] [12] [13] even though they may not equilibrate with the surrounding medium [14] . In order to understand these phenomena, it is crucial to investigate in detail how heavy quarks evolve and lose energy inside the hot and dense QGP matter and how they hadronize after traversing the medium.
For studying parton evolution and energy loss in dense QCD matter, two important mechanisms are usually considered: medium-induced gluon radiation and quasi-elastic scattering with background medium partons [15, 16] . For light flavor partons, medium-induced gluon radiation has been shown to be more important than collisional energy loss, e.g., in the suppression of single or triggered hadron production at high transverse momenta [17] [18] [19] [20] [21] . For heavy quarks, collisional energy loss is usually considered as the dominant mechanism especially at low energies [9, 22] , due to the large masses of heavy quarks which suppress the phase space of gluon radiation. This is known as the "dead-cone effect" [23] .
In the limit of multiple scatterings where the momentum transfer in each interaction is small, the motion of heavy quarks inside a thermalized medium can be treated as Brownian motion and is usually described by the Langevin equation [9, [24] [25] [26] [27] [28] [29] [30] . Such a framework has provided a reasonable description of the suppression and elliptic flow of heavy flavor decay products such as the non-photonic electrons measured by RHIC experiments. However, when extending to higher energy regimes such as those reached by the LHC experiments, heavy quarks become ultra-relativistic as well and thus are expected to behave similarly as light partons. In this relativistic limit, collisional energy loss alone may no longer be sufficient for simulating the in-medium evolution of heavy quarks, and radiative energy loss corrections may become significant [31, 32] . The incorporation of radiative energy loss into the calculation of heavy quark evolution has been implemented in frameworks such as Boltzmannbased approaches [33] and parton cascade models [34] , but is still absent in the Langevin approach.
In this work, we study heavy quark evolution and energy loss in a hot and dense QGP medium within the framework of a Langevin equation. In addition to the drag and thermal forces for quasi-elastic scatterings in the Langevin equation, a recoil term is introduced to describe the force exerted on heavy quarks due to gluon radiation. This recoil force is then related to the mediuminduced gluon radiation spectrum, which is taken from a higher-twist energy loss calculation [35] [36] [37] [38] . Within this improved approach, the evolution of heavy quarks inside QGP fireballs is studied, and the significance of the medium-induced gluon radiation is observed, especially for heavy quarks with large transverse momenta.
The hadronization of heavy quarks is simulated with a hybrid fragmentation plus recombination model. In this application, we adopt a "sudden recombination" approach for heavy quark coalescence with light quarks from the QGP medium. This approach was first developed for light hadrons formed out of the bulk matter [39] [40] [41] [42] , and then applied to heavy flavors [43] [44] [45] and recently to partonic jet hadronization [46] . This coalescence model does not require the thermalization of the recombining partons and it is straightforward to include mesons and baryons simultaneously, and thus it is convenient for the normalization over all possible hadronization channels. Alternative approach, based on the resonance recombination [27, 47, 48] , has also been applied to the study of heavy flavor dynamics.
The paper is organized as follows. In Sec. II, we will present the calculation of heavy quark production from early state hard scatterings. The simulation of heavy quark evolution and energy loss in a dynamic QGP medium will be described in Section III, and the hadronization of heavy quarks via the fragmentation plus recombination mechanism will be discussed in Section IV. In Section V, we will present our calculations of the nuclear modification factor and the elliptic flow of D mesons and compare them with the available experimental data from both LHC and RHIC. Predictions for future measurements of B mesons will also be provided. A summary and outlook will be given in Sec.VI.
II. HEAVY FLAVOR INITIAL PRODUCTION
Heavy quarks are mainly produced via hard scatterings at the early stage of relativistic heavy-ion collisions. The contributions from other processes such as the "intrinsic heavy quark process" [49, 50] , pre-thermal and thermal production [51] [52] [53] , and in-medium jet conversion [53, 54] have been studied and shown to give small contributions. In this work, we calculate initial heavy quark distributions using the leading-order perturbative QCD approach [55] with the incorporation of gg → QQ and→ QQ processes. For the calculation of partonic cross sections, we utilize CTEQ for the parton distribution functions [56] and include the nuclear shadowing effect in nucleus-nucleus collisions using the EPS08 parametrization [57] .
In Fig. 1 , we show the transverse momentum distributions of initial heavy quarks in proton-proton and binary collision scaled nucleus-nucleus collisions at LHC and RHIC energies. One can observe from the figure the influence of the nuclear shadowing on the initial heavy quark spectra: it greatly reduces the production rate of charm quark in the low p T region; the effect is stronger at the LHC than at RHIC. For the production of the low p T bottom quarks, this shadowing effect reduces it at the LHC energy but slightly enhances it at RHIC. These will result in significant effects on the nuclear modification factor R AA of heavy flavor hadrons as we will show in later results.
The above calculated distributions are used to sample the transverse momentum p T of heavy quarks. The rapidities of initial heavy quarks are taken to be uniformly distributed around the central rapidity region (−1 < η < 1). And the spatial distribution of initial heavy quarks is obtained according to the distribution of binary collisions as calculated from the Monte-Carlo Glauber model.
III. HEAVY QUARK EVOLUTION INSIDE A QGP MEDIUM
In the limit of small momentum transfer, the multiple scattering of heavy quarks off thermal partons inside a QGP medium can be treated as Brownian motion and thus is typically described using the Langevin equation. In addition to the collisional energy loss resulting from such quasi-elastic scatterings, heavy quarks may also lose energy through medium-induced gluon radiation. To incorporate both collisional and radiative energy loss experienced by heavy quarks propagating through the dense QGP, we follow our previous studies [32, 58] and modify the classical Langevin equation as follows:
The first two terms on the right-hand side are the drag force and the thermal random force from the original Langevin equation, and the third term f g = −d p g /dt is introduced to describe the recoil force exerted on heavy quarks due to gluon radiation, where p g denotes the momentum of radiated gluons. Assuming the noise term ξ is independent of the momentum of each particle, the random force satisfies the following correlation relation:
in which κ represents the momentum space diffusion coefficient of heavy quarks. To simulate the evolution of heavy quarks in medium, we discretize Eqs. (1) and (2) as follows:
where ∆ p g is the momentum of gluons radiated during the time interval ∆t. From Eq.(4), each spatial component of the thermal force ξ during a ∆t can be independently sampled with a Gaussian distribution whose width is κ/∆t. Meanwhile, we determine the probability of gluon radiation during each ∆t according to the average number of gluons in this time interval,
We choose sufficiently small time steps ∆t to ensure that the average radiated gluon number is smaller than 1 in a time step ∆t. In this work, we utilize the results of the higher-twist calculation for the medium-induced gluon spectra [35] [36] [37] :
, (6) where k ⊥ is the transverse momentum of the radiated gluon, and x is the ratio between the gluon energy and the heavy quark energy. In addition, α s is the strong coupling constant, P (x) is the splitting function of the gluon andq is the gluon transport coefficient. The gluon formation time τ f is defined as
, with E and M being the energy and mass of heavy quarks. Note that the quartic term at the end of Eq.(6) characterizes the "dead-cone" effect, i.e., the suppression of gluon radiation due to the finite masses of heavy quarks.
At a given time step, Eq. (5) is used to determine the probability of radiating a gluon. If a gluon is formed, its energy and momentum will be generated with the MonteCarlo method according to the gluon radiation spectrum in Eq. (6) . After a gluon is radiated from the heavy quark, the initial time t i in the equation is reset to zero so that the probability of radiating the next gluon starts to accumulate again with time. Note that the framework we describe here does not necessarily require the higher-twist formalism -other energy loss formalisms can be used as well, as long as they provide the distributions for both energy and transverse momentum of the radiated gluons.
In the literature, the spatial diffusion coefficient D is usually quoted for heavy quark calculations, and related to the momentum space diffusion coefficients in the above equations via
Meanwhile, we have the relationq = 2κC A /C F , where C F and C A are color factors for quarks and gluons. With such a setup, we only have one free parameter in the Langevin framework as described above. Throughout our calculation presented in this work, the spatial diffusion coefficient of heavy quark is set as D = 6/(2πT ), which corresponds to a gluon transport coefficientq around 3 GeV 2 /fm at a temperature of T = 400 MeV. For the classical Langevin equation without the contribution from gluon radiation, we have the fluctuationdissipation relation:
For the simulation of radiative energy loss due to medium-induced gluon radiation, we impose a lower cutoff ω 0 = πT for the gluon energy to take into account the balance between gluon emission and absorption processes. Below such a cut-off, the gluon emission is disabled and the evolution of heavy quarks with low energies is completely controlled by quasi-elastic multiple scattering. Such a treatment for medium-induced gluon radiation ensures that heavy quarks achieve thermal equilibrium after sufficiently long evolution times.
In Fig. 2 we provide a numerical check of the thermalization process of charm quarks according to the modified Langevin equation. The charm quarks are all initialized with an energy of 10 GeV and then evolve inside an infinite and static medium with a constant temperature of 300 MeV. The temperature parameter of the charm quark ensemble is extracted from their energy spectrum utilizing the method developed in our previous work [14] . As is shown, if there is only collisional energy loss, the temperature parameter of the charm quarks evolves to the medium temperature as expected. We also examine such thermalization behavior when the gluon radiation is introduced. If the energy cutoff for the gluon radiation is large enough, e.g., 2πT in the plot, the heavy quarks will eventually equilibrate with the medium temperature. For the choice of πT , an equilibrium can still be achieved, with the only difference that the equilibrium temperature is shifted by a small amount, approximately 20 MeV below the medium temperature.
In this work, the lower cut for radiative gluon energy is taken to be πT , which is the typical energy of the gluons in the thermalized QGP medium. Such choice introduces 5-10% uncertainty in the equilibrium temperature, but should not substantially influence the description of heavy flavor observables presented here. Additionally, if one considers all sources of experimental and theoretical uncertainties, such as those in hydrodynamic initial conditions and the nuclear shadowing effect, it might not be necessary to artificially increase the energy cut for gluon radiation merely for the exact preservation of the original detailed balance. A more rigorous treatment would incorporate the absorption process as well in the above simulation of gluon radiation. Such an effort has already been explored in the context of light parton radiative energy loss [59] and will be pursued in a future study.
With the modified Langevin framework described above, we may simulate the heavy quark evolution inside the hot and dense QCD matter created in relativistic heavy-ion collisions. In this work, the space-time evolution profiles of the QGP fireballs at LHC and RHIC are generated with a (2+1)-dimensional viscous hydrodynamic model, which was developed by Song [6, 60] and has recently been modified by Qiu and Shen for increased numerical stability [8] . Here we employ the code version and parameter tunings that were previously used in Ref. [8] . In the following calculation, the MC-Glauber initialization is adopted for the hydrodynamic calculation if not otherwise emphasized. The hydrodynamic model provides the space-time evolution of the temperature and collective flow profiles of the thermalized medium. For every Langevin time step, we boost the heavy quark into the local rest frame of the fluid cell through which it travels. In the rest frame of the fluid cell, the energy and momentum of the heavy quark is updated according to the aforementioned method before it is boosted back to the global center-of-mass frame where it streams freely until the next time step.
In the simulation of heavy quark evolution, we assume they stream freely prior to the initial time τ 0 = 0.6 fm/c, at which the hydrodynamic evolution commences. We neglect the possible energy loss in the pre-equilibrium stage, which is expected to give a small contribution in this short period of time compared to the much longer history of the fireball evolution. Once they enter a fluid cell with a local temperature below T c (165 MeV here), heavy quarks hadronize into heavy flavor hadrons.
In Fig. 3 , we compare the energy loss of heavy quarks between two different mechanisms after they traverse a QGP medium created in the central Pb-Pb collisions at the LHC. The x-axis represents the initial energy of heavy quarks, and the y-axis denotes the total energy loss. As is shown, quasi-elastic scatterings dominate the heavy quark energy loss at low energy regime, while mediuminduced gluon radiation dominates at high energies. The crossing points are around 6 GeV for charm quarks and 16 GeV for bottom quarks. These results indicate that collisional energy loss alone may provide good descriptions for the heavy flavor measurements at RHIC energies, but will become insufficient when we extend to higher energies, such as those reached by the LHC.
IV. HEAVY FLAVOR HADRONIZATION
There are two typical hadronization mechanisms for heavy quarks to produce heavy flavor hadrons: high momentum heavy quarks tend to fragment directly into hadrons, while it is more probable for low momentum quarks to hadronize through coalescence (or recombination) with light partons from the thermalized medium. In this work, we combine these two mechanisms for heavy quark hadronization after they travel outside the QGP matter. The fragmentation processes can be simulated by Pythia 6.4 [61] with its "independent fragmentation model". In the following, we provide details of our implementation of the coalescence processes following the "sudden recombination" model developed in Ref. [45] .
In the "sudden recombination" model, the momentum distributions of produced mesons and baryons are determined by the following expressions,
dN i /d 3 p i represents the momentum distribution of the i-th valence parton in the recombined meson or baryon. The distribution of heavy quarks can be directly obtained after they travel through the thermalized medium. For light quarks and anti-quarks from the QGP medium, we take the Fermi-Dirac distribution in their local cell frame:
where a uniform distribution in the position space is assumed inside a volume V and g q = 6 denotes the degrees of freedom for each quark flavor. f W is the Wigner function of the constructed mesons or baryons, denoting the probability for particles to recombine. For a two-particle system, the Wigner function is defined as:
where N is a normalization factor and g M is a statistic factor taking into account the color and spin degrees of freedom. For instance, g M is 1/(2 × 3 × 2 × 3) = 1/36 for the D meson ground state, and 3/(2×3×2×3) = 1/12 for a D excited state. Here r and q are the relative position and momentum of the two particles in the center of mass frame of the meson:
Note that the variables on the right-hand side of Eq. (12) are defined in the center of mass frame of the two-particle system, i.e., the meson frame. In addition, φ M in Eq. (11) is the meson wave-function, which is approximated by the ground state wave-function of a quantum mechanic simple harmonic oscillator:
where the width parameter σ is related to the oscillator frequency ω by σ ≡ 1/ √ µω, in which µ ≡ m 1 m 2 /(m 1 + m 2 ) is the reduced mass. After averaging over the position space of Eq. (11), we obtain the following momentum space Wigner function:
The Wigner function can be generalized to a threeparticle system for baryon production by recombining two particles first and then using their center of mass to recombine with the third one. This yields:
where the relative momenta are defined in the center of mass frame of the produced baryon as (16) and the width parameters σ i 's are given by σ i = 1/ √ µ i ω with
In general, the frequency ω can be calculated with the charge radius and is different for each hadron. Here, we adopt the average values of 0.106 GeV for charm hadrons and 0.059 GeV for bottom hadrons as tuned in Ref. [45] . We use a thermal mass of 300 MeV for u and d quarks and 475 MeV for s quarks. Note that heavy quarks are not required to be thermal in this recombination model and We use these Wigner functions Eqs. (14) and (15) to calculate the probability for a heavy quark after its medium evolution to produce a hadron through coalescence with the light quarks from the QGP medium at T c . The overall normalization factor N is determined by requiring the total recombination probability to be 1 for a zero-momentum heavy quark to all possible heavy flavor meson and baryon channels (we include both ground states and first excited states of D/B, Λ Q , Σ Q , Ξ Q and Ω Q ). The value of the normalization factor is obtained using a static medium with an effective temperature of T eff = 175 MeV. This effective temperature is chosen to take into account the effect of radial flow (around 0.6c at T c ) developed in the hydrodynamic model, and obtained according to the following equation,
With the choice of T eff = 175 MeV and T c = 165 MeV, both sides of Eq. (18) lead to the same parton density: a number density around 0.24/fm 3 for u and d, and 0.13/fm 3 for s quark. More discussions about this effective temperature can be found in Refs. [45, 62] . Now we may calculate the coalescence probability as a function of heavy quark momentum as shown in Fig. 4 . The recombination probabilities for a charm or bottom quark to all heavy flavor hadron channels and to only D or B meson are shown for comparison. One observes that for the same p T , bottom quarks have larger recombination probability than charm quarks to produce heavy flavor hadrons due to their larger masses. These curves in the plot divide the hadronization of a charm or bottom quark after its medium evolution into three possibilities: recombination to D or B meson, recombination to other hadron channels and fragmentation. For a charm or bottom quark that is selected for recombination into a D or B meson, a light quark or anti-quark is first generated according to Eq.(10) in the cell frame of the medium, then boosted to the lab frame to recombine with the charm or bottom quark according to the probability governed by Eq. (14) . If they do not recombine, another light parton will be generated until a meson is formed. The fragmentation of heavy quarks is achieved via Pythia simulation where the relative ratios between different channels have been properly calculated and normalized. Figure 5 illustrates the relative contributions from recombination and fragmentation mechanisms to the production of heavy flavor mesons from charm and bottom quarks after they have passed through the thermalized medium. One can see that while the fragmentation dominates the D/B meson production at high p T , the inclusion of the recombination mechanism greatly increases their yield at intermediate p T . As the recombination mechanism adds a thermal parton to a heavy quark, the momentum distribution of D/B mesons through recombination is shifted to the right (higher momenta) compared to charm/bottom quark distribution. Conse- quently, its contribution to D/B meson production at low p T is not as significant as at intermediate p T . Furthermore, due to the larger mass of b-quarks, the contribution from the recombination mechanism to B meson production is more prominent than to D meson over a wider p T range.
V. NUCLEAR MODIFICATION AND ELLIPTIC FLOW OF HEAVY FLAVOR MESONS
After obtaining the final heavy flavor mesons as described in above sections, we calculate the nuclear modification factor R AA and the elliptic flow coefficient v 2 of heavy flavor mesons which are defined as:
Below we will present the results for both LHC and RHIC and compare with the available experimental data.
In Fig. 6 we show the calculation of the D meson nuclear modification factor for the most central Pb-Pb collisions at the LHC. The impact of nuclear shadowing and recombination on the nuclear modification of D mesons can be clearly seen in the result. With the inclusion of the shadowing effect, we obtain a factor of four decrease in the D meson R AA at low p T , while a mild increase is observed at high p T . This is due to the fact that the charm quark production is significantly suppressed at low p T and slightly enhanced at high p T in Pb-Pb collisions relative to binary collision scaled protonproton collisions, as shown in Fig. 1(a) . We also observe that fragmentation alone is sufficient to describe heavy quark hadronization above 8 GeV, but in the low and intermediate p T region, the recombination of light and heavy quarks becomes important. This is because the coalescence mechanism brings low p T heavy quarks into medium p T hadrons by combining a thermal parton from the QGP medium, and therefore decreases the D meson R AA near zero p T but significantly increases it in the intermediate regime (2) (3) (4) (5) . We see that after the incorporation of the shadowing effect in the initial heavy quark production, the radiative and collisional energy loss mechanisms, and the fragmentation plus recombination mechanism for hadronization, a good description of the D meson R AA data measured by the ALICE collaboration is obtained.
In Fig. 7 , we show our calculation of the D meson elliptic flow v 2 . The result for different hadronization scenarios are presented for comparison in Fig. 7(a) . For the pure fragmentation process, we set the Wigner function f W to be 0 to shield all hadronization channels through coalescence, while f W is taken as 1 for the pure recombination process. One sees that the recombination mechanism results in much larger D meson v 2 than fragmenta-tion due to the fact that the recombination process brings the flow of light quarks from the hydrodynamic medium into the formation of heavy flavor hadrons. Note that in our result, we do not observe significant increase of D meson v 2 when combining fragmentation and recombination mechanisms. This may be due to a combinational effect of the initial parton spectra, the momentum dependence of the Wigner function, and the radial flow developed in the QGP medium.
While our calculation seems to underestimate the data of D meson elliptic flow v 2 , many uncertainties still exist. For instance, if we adopt the KLN initial condition for the hydrodynamic evolution as shown in Fig. 7(b) , we obtain an increase of D meson flow by 25% due to a larger eccentricity for the initial density profile. Note that changing initial conditions with a larger eccentricity does not affect the overall suppression of D mesons [58] . In addition, our present study has only been coupled to the hydrodynamic medium evolved from an event-byevent averaged smooth initial conditions; the use of complete event-by-event hydrodynamic evolution profiles will provide a closer comparison to the realistic experimental observation and may also affect the final elliptic flow v 2 for heavy flavor hadrons. Such an effort will be explored in a later study.
In Fig. 8 we present the calculation of D meson R AA and v 2 at RHIC energies in comparison with the data measured by the STAR collaboration. We observe that the influence of the nuclear shadowing at RHIC is not as significant as at LHC. The coalescence mechanism, on the other hand, is found to be more important at RHIC than LHC; one observes the "bump" structure of the D meson suppression after the incorporation of recombination mechanism in the hadronization process. Our result is consistent with data from the STAR Collaboration. The results of D meson v 2 at RHIC are shown in Fig.  8(b) , where the results for Glauber and KLN hydro initial conditions are compared. Overall, our model provides a good description of D meson nuclear modification and elliptic flow at RHIC after we take into account the nuclear shadowing effect in the initial heavy quark production, incorporate gluon radiation and elastic collisions for heavy quark evolution and energy loss in medium, and utilize a hybrid model of fragmentation and recombination for heavy quark hadronization process.
In Fig. 9 and Fig. 10 , we provide the predictions of the nuclear modification factor and elliptic flow for B mesons at the LHC and RHIC energies. In these two plots, we have included both fragmentation and coalescence mechanisms for bottom quark hadronization. The effects of the nuclear shadowing and different hydrodynamic initial conditions on the final B meson R AA and v 2 are shown for comparison. Due to the larger mass of bottom quark than that of charm quark, the coalescence mechanism plays a more crucial role in its hadronization process. This can be clearly seen in Fig. 4 and Fig. 5 : bottom quarks have much larger recombination probability over a wider p T range than charm quarks. As a result, we observe the "bump" structure of the B meson R AA for both LHC and RHIC. The slight "dips" in the B meson v 2 around 5 GeV in Fig. 9(b) and Fig. 10(b) result from the transition from the regime where collisional energy loss dominates the heavy quark motion to the regime where radiative energy loss takes over. For more details about the relative contributions from different energy loss mechanisms to R AA and v 2 , one may refer to our previous calculation [32] .
VI. SUMMARY AND OUTLOOK
In this work, we have studied the energy loss of heavy quarks and the nuclear modification of heavy flavor mesons in relativistic heavy-ion collisions within the framework of a Langevin approach. To incorporate the contribution from the radiative energy loss, an additional force term has been introduced into the Langevin equation to describe the recoil exerted on heavy quarks due to gluon radiation in which the momenta of the radiated gluons are simulated with the higher-twist energy loss calculation. Within this improved model, we have studied the evolution of heavy quarks propagating through the hot and dense nuclear matter produced in high energy nucleus-nucleus collisions at both LHC and RHIC.
To obtain the final heavy meson spectra and study their modification in high energy nucleus-nucleus collisions, we first initialize our heavy quarks with a leadingorder pQCD calculation with the inclusion of the nuclear shadowing effect. The space-time evolution profiles of the hot and dense fireball that heavy quarks traverse have been obtained from a viscous (2+1)-dimensional hydrodynamic model that has been tuned to describe the bulk observables. The hadronization process of heavy quarks after traversing the dense medium has been performed via a hybrid fragmentation plus recombination model.
With our calculation we have demonstrated that the medium-induced gluon radiation contributes significantly to heavy quark energy loss, especially at high energies. The nuclear shadowing has been shown to suppress D meson R AA at low p T and enhance R AA at high p T . The recombination mechanism has been implemented along with fragmentation for the heavy quark hadronization process and we have found that the inclusion of recombination may increase both R AA and v 2 of D mesons at intermediate p T . The effect of different choices of hydrodynamics initial conditions on the final D and B meson elliptic flow has also been investigated. Utilizing our improved Langevin approach together with a hybrid model for heavy quark hadronization, we have presented the nuclear modification and elliptic flow of D mesons, which are consistent with the experimental measurements at both LHC and RHIC. Predictions for future B meson measurements have also been provided. Our calculation can be applied to the spectra of non-photonic electron as well. However, considering the sizable systematic uncertainties due to the relative charm/bottom quark production rates [58, 63] , we defer this effort to a future publication. Our study constitutes an important contribution to the quantitative understanding of heavy quark production, in-medium evolution and hadronization in relativistic heavy-ion collisions. We plan to extend our study in several directions. For instance, we may include both gluon emission and absorption processes simultaneously for a more rigorous treatment of radiative energy loss in the simulation of heavy quark evolution in medium. We will also extend the simulation from event-by-event averaged smooth hydrodynamic initial conditions to the use of the complete event-by-event hydrodynamics. Last but not least, the evolution of heavy flavors before and after the QGP phase are currently approximated by freestreaming. However, the anomalous transport in the preequilibrium state [64] and the hadronic interaction between heavy mesons and hadron gas [65] may affect the final hadron spectra and elliptic flow. We shall address these aspects in future efforts.
